The Problem
Epistasis, i.e. the interactive (non-additive) effect of co-expressed mutations, is widespread (e.g. Diminishing returns epistasis has commonly been inferred from a negative correlation between the additive fitness effects of a pair (or set) of mutations, and their epistatic effect in interaction with each other (Suppl. 1). To this end, the relative fitness of mutation i (w i ) is typically measured as negative correlation between expected fitness and epistasis, which could erroneously be interpreted as evidence for diminishing returns epistasis (Fig. 1A ).
Having knowledge of σ 2 (e i ), σ 2 (e j ) and σ 2 (e ij ), we are able to obtain the corrected correlation between i ij and [a i + a j ] that is not biased by measurement error variance, using:
. Eq.5
From this it becomes apparent that correcting the variance components in the denominator of Eq. 5 for measurement error can lead to both approaching zero whenever error is high relative to additive genetic variance. The latter will be the case whenever correlations are based on statistically non-significant variance for epistasis and expected fitness. In such cases, observed correlations run greatest risk of being inflated by the effect of regression-to-the-mean. For example, in the extreme scenario when additive genetic variance = 0, it follows from Eq. 4 that the uncorrected correlation between epistasis and expected fitness, assuming equal error variances in single and double mutants, equals -2/√ = -0.82 purely due to measurement error. Generally, statistical significance of the correlation therefore needs to be evaluated using data resampling techniques.
Although we here focus on negative epistasis of beneficial mutations, the described effect 
A brief literature survey
Although some authors seem aware of the issue, few have attempted to account for it (Suppl. 1), and the severity of the bias hence remains unknown. We reviewed 30 recent articles that reported results on diminishing returns epistasis for fitness in microorganisms. In 22 studies, epistasis was directly related to expected fitness, and 18 of these did so without correcting for regression-to-the-mean (Suppl. 1). We note that only one study (Szafraniec et al. 2003 ) looked for diminishing returns epistasis by regressing observed on predicted fitness using Reduced 2), which allowed us to obtain unbiased estimates of 25 published correlations using Eq. 5. In four additional cases, correlations could not be corrected because of non-significant epistatic variance. In these cases, (almost) all variation in E ij is the result of measurement error variance, resulting in corrected correlations taking on values outside the theoretical boundary (see Suppl. 1). The fact that these correlations were strongly negative before correction, together with the fact that most corrected correlations are less negative than the published estimates, shows that regression-to-the-mean introduces directional bias into empirical estimates of diminishing returns epistasis (Fig. 1B , Suppl. 1). In most cases however, corrections did not affect results qualitatively, which can be attributed to mutant fitness typically being estimated with small error. (the corrected correlation; eqn. 5), showing that for moderately negative and positive correlations, the observed correlation is biased downwardly, whereas for very strongly negative correlations it is upwardly biased. For illustrative purposes, σ 2 (a i ) = σ 2 (a j ) = 1 and σ 2 (i ij ) = 0.5. The light grey, dark grey and black lines represent σ 2 (e i ) = σ 2 (e j ) = σ 2 (e ij ) = 0.1, 0.2 and 0.5, respectively. The dotted black line designates the 1:1 relationship between observed and corrected estimates. B) Published and corrected estimates of 25 correlations from 15 studies for which variance components were available (see Suppl. 1 & 2). The line designates a 1:1 relationship between the published and corrected correlations. An additional 4 correlations (crosses) could not be corrected due to non-significant epistatic variance. Their placement on the x-axis shows their published values. Although there is overall evidence for diminishing returns epistasis from this body of literature (correlations are still strongly negative on average following correction), regression-tothe-mean has led to downwardly biased estimates, and four cases of published negative correlations based on nonsignificant epistatic variance.
Conclusion

1
Here we have shown how biases due to regression-to-the-mean inflate estimates of diminishing 2 returns epistasis. Although the majority of studies have not corrected for this, biases are in most 3 cases small. Nevertheless, we do observe bias, most notably with four cases of published 4 negative correlations based on non-significant epistatic variances, underlining the importance of 5 performing corrections to allow accurate comparative analyses and prevent publication bias. 6 We also note that we may have underestimated our corrections by assuming uncorrelated 7 measurement errors, an assumption that is often violated in experiments by uncontrolled 8 temporal or spatial block effects. Crucially, such effects would lead to undetected measurement 9 errors that would overestimate diminishing returns epistasis further. Application of appropriate 10 statistical corrections in future studies will further increase our understanding of the 11 manifestation and role of diminishing returns epistasis in evolution. 
